We propose a method for manufacturing linear variable interference filters for two-dimensional (2D) array detectors, based on the use of correcting masks combining both rotation and translation movements of the masks and substrates. The major advantage of this method is its capability to produce several identical filters in a single run. 20 mm × 20 mm samples were manufactured with a wavelength ratio almost equal to 2 along the thickness gradient direction. In agreement with calculations, the measured uniformity perpendicular to the gradient is about 99.8% along 20 mm.
Introduction
Based on interference phenomena, the major parameter for thin-film optical coatings is the ratio between the wavelength and the thickness of each layer. According to the thickness chosen for each layer, many optical functions can be designed with different transmittance or reflectance spectral responses, such as antireflection coatings, edge filters, and bandpass filters. The counterpart for this flexibility is that the optical response of a coating is potentially subject to a spatial evolution along the surface of the substrate if the thickness of each layer happens not to be perfectly uniform [1] . For the sake of simplification, we consider that the thickness nonuniformity is identical for all the materials involved in the coating-in that case, only a wavelength shift of the optical properties can be observed, depending on the point considered at the surface of the component. Except for achromatic designs, such as broadband beam splitters or antireflection coatings where this phenomenon is not critical, most often this wavelength shift has to be canceled or, at least, minimized. However, depending on the aim, applications exist that demand components with optical properties that change continuously from one point to another, such as variable coatings designed for laser beam shaping or linear variable filters for spectroscopy [2, 3] . As far as laser beam shaping is concerned, there is only one single wavelength for which the intensity or phase properties must be controlled with circular geometry. In such a case, the coating is usually designed using just a few nonuniform layers, for example, a nonuniform spacer layer inside a uniform Fabry-Perot cavity. On the contrary, a linear variable filter is designed as a band pass structure in which all the layers are affected with the same thickness nonuniformity, i.e., with linear geometry. As a result, the centering wavelength of the filter shifts along the direction corresponding to the thickness gradient.
This property is very interesting for spectroscopic applications since such coatings can be imaged on, or placed directly in front of, linear array (or 2D array) detectors to design light and compact spectrometers, each pixel (or line) being addressed with a particular wavelength [4] . In addition, due to the absence of any moving part, such systems should be highly reliable and all these advantages are greatly appreciated for space instrumentation.
For such a spectrometer, the Paris-Meudon observatory asked us to study the manufacturing of a linear variable filter for a 2D array detector [5] . Like linear array detector coatings, these films' thickness distribution must provide the correct wavelength shift along the spectral direction. But in the case of 2D array detectors, such as CCD matrices, a nearperfect thickness uniformity also has to be maintained perpendicular to this direction so that each column of the detector is addressed with a single wavelength. This second point, which is the main topic of this paper, is much more difficult to fulfill than the first one, mainly because of the natural nonuniformity of the deposition process which must be taken into account.
As will be detailed in Section 4, one consequence is that it is difficult to manufacture several filters in the same deposition run and masking systems are developed and optimized for the manufacturing of one coating at a time [6] . To solve this problem, we developed a mechanism using correcting masks and combining both a rotation and a translation movement of these masks, using a came. This mechanism allows the simultaneous manufacturing of several samples with a minimum of 99.8% transverse uniformity, which is compliant with standard requirements. Moreover, this transverse uniformity is nearly independent of the natural thickness distribution of the coating machine. This result was confirmed experimentally using a dual ion beam sputtering process.
Section 2 is devoted to the numerical model we used to calculate the film thickness distribution, taking into account the deposition machine geometry, as well as the shapes and movements of the mask and of the sample. Sections 3 and 4 will describe the results that can be obtained using only either a rotation or a translation movement. Section 5 will describe the result that can be obtained when combining these two elementary movements, and Section 6 will present experimental results that confirm theoretical ones regarding the transverse uniformity of the coatings.
Thickness Distribution Model
To deposit nonuniform layers, the most frequent solution consists in using mechanical masks. However, the precise determination of both the shape of these masks and their relative movements with the substrates to be coated is difficult and time consuming if performed only through experimental tests. As a consequence, we developed a numerical model which helped us first to define, and eventually optimize, these geometrical parameters with a limited number of experimental trials. Figure 1 schematically represents the geometry of the dual ion beam sputtering machine we used for this study. In its classical configuration, the substrate holder rotates horizontally.
The angle between the horizontal plane and the material target is 45°. The axis of the sputtering ion beam is horizontal, reaching the center of the material target through the rotation axis. As a consequence, the projection of the ion beam on the material target defines an elliptical area that corresponds to the effective material source and the relevant parameter for the target size is not the size of the material target itself, but the diameter of the ion beam. In the software we developed, the angles defining the position of the target and the incidence of the ion beam are free parameters; as a consequence, it can also be used to simulate an evaporation process, considering a horizontal material target with a fictive vertical ion beam to define a circular material source.
A. Thickness Calculation Without Masks
Considering one point on the material target and one point on the substrate, the elementary amount of deposited material is classically assumed proportional to the quantity
where θ S and θ T , respectively, represent the angles between the line joining these two points and the normal vectors to the substrate (ñ S ) and to the material target (ñ T ), R being the distance between the two points [1, 7] . Parameter a is linked to the process directivity. This formula is usually given for an evaporation process where the evaporated material is distributed with radial symmetry around the normal vector to the material source. However, considering a sputtering process, the main sputtering direction is not necessarily normal to the material surface but depends on the ion beam energy as well as on the ion beam incidence angle [8, 9] . As a consequence, as illustrated in Fig. 1 , we consider in our model that the angle θ T is determined using not the normal vector but the main sputtering direction as reference. In our model, this direction belongs to the plane defined by the target and the rotation axis and is characterized by its angular deviation from the normal vector of the target surface. To complete this model, each point of the material target is weighted with a coefficient representing the energy profile of the ion beam, which is assumed to be a Gaussian one. For this purpose, in addition to the diameter of the ion beam, it is necessary to give the percentage of energy, b, corresponding to this diameter. For any point of the material source, the weighting coefficient is then given by
where r and d, respectively, represent the distance from this point to the axis of the ion beam and the diameter of the ion beam.
To calculate the total amount of material deposited on one point of the sample, one must perform the integral of the deposited differential thickness for the complete surface of the material source and during the complete trajectory of the sample-or at least during one period, since the movement is generally periodic. This summation is performed numerically considering a hexagonal sampling of the material target.
Finally, to calculate the coating thickness uniformity, the deposited thickness is calculated for each point of the substrate and normalized with respect to the maximum value. The sampling of the substrate surface is performed with a rectangular grid.
For the calculations illustrating the model in this paper, we used 135 points for the material target and 400 points for the substrate. The angular step for the rotation of the substrate holder is 0:5°and calculations were performed over one complete revolution.
The parameters corresponding to the geometry of our deposition machine are as follows:
-the height of the substrate is 230 mm (from the center of the material source) and -the distance between the rotation axis and the center of the material source is 125 mm.
We used 20 mm square substrates placed on the rotating substrate holder at radius 50 mm.
As already mentioned, the size of the material source, the sputtering direction, the sputtering directivity, and the amount of sputtered material depend on both the material and the sputtering ion beam characteristics. In this paper, we will consider the following characteristics:
-the diameter of the ion beam is 125 mm,
(2)],
-the angle between the sputtering direction and the normal vector perpendicular to the material source is 15°, and -the sputtering directivity is given by
These values result from preliminary tests performed recently concerning the thickness distribution characterization of Ta 2 O 5 . For this characterization, a Ta 2 O 5 single layer was deposited on a large 250 mm × 180 mm static glass window on which a thickness and index characterization mapping was performed. Coupled with the thickness distribution model described above, a nonlinear simplex optimization algorithm was used to determine these deposition parameters. Table 1 gives the ratio between measured and calculated uniformity. The discrepancy is most often below 1%, while the thickness range extends from 1550 to 3850 nm. A similar nearcorrespondence was also obtained using rotating substrates. All these characterization results will be detailed in a specific paper.
B. Introduction of Masks
Masks are assumed to belong to a horizontal plane. They can be defined by closed lines of two types: polygonal shapes given by the list of the corners coordinates or curved shapes given by a polar Fourier development. One can define which part of the mask, internal or external, is empty. In order to define more complex mask shapes, one can define logical operations between elementary masks, such as union or intersection, as illustrated in Fig. 2 , which represents a mask that will be used in Section 3. Each mask is given its own position and movement law. Standard movements are rotation and translation. Section 5 will give the example of a mask movement combining both.
Including the effect of the masks in the calculation of the thickness uniformity implies calculating the positions of the masks and of the substrate for each motion step. Then, for each line joining one point of the substrate to one point of the material target, one must determine the intersection coordinates of this The figures in the table correspond to the ratio between the measured uniformity and the calculated one after numerical optimization of the deposition parameters used in the "thickness distribution model." Point coordinates are referenced with respect to the rotation axis of the machine (0, 0). line with the masks' planes and determine if the resulting intersection points correspond to the internal or external parts of the masks. Then, depending on the result of the logical operation defined with these masks, we can decide whether the corresponding elementary thickness amount must be taken into account.
Deposition of Linear Variable Filters Using a Rotation Movement
To manufacture graded coatings, the easiest configuration-requiring no complex modification in a standard deposition chamber-simply consists of using the rotation movement of the substrate holder combined with a static mask placed just below the substrates. Figure 2 shows the shape of such a mask and its relative position to the substrate. Notice that, as described in Subsection 2.A, this mask is formed by two elementary masks, a curved and symmetrical one completed by a large rectangular one which permits keeping only one half of the first one. During one half of the revolution, the substrate is completely exposed to material deposition, while during the other half, the substrate is gradually hidden behind the mask, its external side being always hidden while its internal side is never hidden. As a consequence, this kind of mask approximately gives on the internal side of the substrate twice the thickness deposited on the external one.
For calculation, the curved mask corresponds to the simple polar development
where θ corresponds to the angular position of the substrate. For θ ¼ 0°, corresponding to a substrate near the material target, the mask radius is 40 mm, which means that the substrate is completely hidden. On the opposite side (θ ¼ 180°), the mask radius is 60 mm and the substrate is completely exposed to the deposition process. Figure 3 gives the resulting uniformity: isothickness lines, perpendicular to the thickness gradient, are perfectly circular-which is logical since all the points located on a circle (centered on the rotation axis) are coated identically during one complete turn. As a consequence, this simple masking technique is appropriate only for graded coatings devoted to linear array detectors-with the major advantage that many samples can be produced at the same time since all the substrates located on the same rotation radius of the substrate holder are identically coated.
As expected, the thickness ratio between the two sides of the coating is approximately equal to 2. Notice that the thickness gradient is not constant. This is due to the mask shape that was used for this calculation and which, ideally, should be defined taking into account the natural thickness nonuniformity of the deposition chamber [10] .
Deposition of Linear Variable Filters Using a Translation Movement
To obtain straight isothickness lines, as required for matrix detectors, the main idea was to use a translation movement of the mask in front of the substrate. As shown in Fig. 4 , we can consider two geometric approaches. Notice that the translation direction is the same in both cases.
In the first case, Fig. 4(a) , the mask is formed with a simple metallic blade with a straight edge and the translation length is equal to the substrate length. According to Fig. 4(a) , the right side of the substrate is longer exposed to the deposition process than the left side. Ideally, the thickness gradient is, therefore, parallel to the translation direction and isothickness lines are thus parallel to the mask edge. The great advantage of this approach is that the thickness gradient is directly connected to the translation speed. Using a stepper motor, the thickness gradient can be easily programmed.
However, due to the natural nonuniformity of the deposition process, isothickess lines are not perfectly straight and the transverse nonuniformity, perpendicular to the translation direction, is, in fact, given Fig. 2 . Definition of a static masking geometry for the deposition of linear variable filters. The mask is formed by the union of a curved one (mask 1) and a polygonal one (mask 2) so that the rotating substrate is progressively hidden during half a turn. directly by the nonuniformity of the deposition process itself.
In the second case, Fig. 4(b) , the mask is formed with a trapezoid window and the translation is long enough to hide the substrate behind the mask on both sides [6] . Assuming this translation is performed with a uniform speed, the deposited thickness for each point is, therefore, proportional to the length of the window along the movement direction. As a result, the thickness gradient is linked to the shape of the window. Contrary to the previous case, the thickness gradient is now perpendicular to the movement direction, while isothickness lines are parallel to it. As previously, the natural thickness nonuniformity of the deposition process might have some impact on this ideal result. However, this difficulty can be completely canceled if we consider a static mask with the translation movement applied to the substrate itself. In that case, indeed, two points of the substrate aligned with the translation direction will undergo the same effects at the same positions inside the deposition chamber (with only a time delay) and will, consequently, be coated identically (assuming a constant translation speed and deposition rate), even if the deposition process is not uniform.
As a result, isothickness lines can be perfectly straight, whatever the thickness distribution of the deposition machine. This is the major advantage of this second geometric approach, when such a result cannot be strictly obtained with the first one.
To sum up, these two approaches show complementary advantages and drawbacks. The first one is more flexible with the help of a stepper motor, provides the highest possible deposition rate since one extremity of the substrate is never hidden, but is not able to give perfectly straight isothickness lines. On the contrary, the second can give perfectly straight isothickness lines, but requires a specific mask for each intended thickness gradient and provides a much slower deposition rate since the substrate is completely hidden at both extremities of the translation movement.
In both cases, it should be pointed out that the deposition process thickness uniformity must be taken into account to achieve the right thickness gradient on the substrate. As a consequence, the translation speed for the first system [ Fig. 4(a) ] or the mask shape for the second one [ Fig. 4(b) ] will depend on the location of the system inside the deposition chamber. The manufacturing of several identical coatings during a single deposition run thus requires as many specific masking systems, which is not convenient at all. For this reason, linear variable filters for 2D array detectors are usually manufactured one at a time.
Deposition of Linear Variable Filters Using Both Rotation and Translation Movements
We presented in Section 3 a masking system based on a rotation movement that is able to produce several identical linear variable filters, but these filters are not suited for 2D array detectors because of poor transverse uniformity perpendicular to the thickness gradient. On the other hand, we presented in Section 4 masking systems based on a translation movement that are able to produce linear variable filters for 2D array detectors, but only one at a time.
In this section, the idea is thus to combine both the rotation and the translation movements with the aim of manufacturing, in a single deposition run, several linear variable filters with a transverse uniformity that is compliant with 2D array detector requirements. The mechanical system we developed is illustrated in Fig. 5 . Substrates are classically placed on a rotating substrate holder. Each of them is covered with a mask mounted on its own translation stage attached to the rotating substrate holder. The motion of these masks is induced by the rotation of the substrate holder itself, inside a came fixed within the deposition chamber. During the deposition, samples are exposed to the natural thickness distribution of the deposition chamber with a 2π periodic modulation due to the rotation of the substrate holder. As an example, Fig. 6 shows the angular deposition rate distribution curves corresponding to rotation radii respectively equal to 40, 50, and 60 mm, which correspond to the internal, central, and external rotation radii for a 20 mm square sample centered on the 50 mm rotation radius. As stated in Section 2, the natural thickness distribution has a symmetrical plane defined by the center of the material target and the rotation axis. The maximum thickness is deposited near the target (θ ¼ 0°) and the minimum on the opposite side (θ ¼ 180°). Since the masks are rotating with the substrate holder, this thickness The translation length must be long enough to hide the substrate behind the mask on both sides; the thickness gradient is linked to the length of the mask and perpendicular to the movement direction. In case the mask is fixed and the translation is applied to the substrate, isothickness lines are perfectly straight. distribution is modulated with the same periodicity by the translation movement of the masks induced by the came.
We then looked for the conditions that allow obtaining the best uniformity perpendicular to the translation movement. For this purpose, we considered the central point, C, of the substrate and the line originating from it, tangential to the substrate motion direction and consequently perpendicular to the mask translation direction. Let us consider A and B as the two points of this line corresponding to the substrate extremities, as illustrated in Fig. 5 . Notice that A and B are located on the same rotation radius, i.e., 50:99 mm, while this radius is a bit shorter for point C, i.e., 50 mm. As a consequence, without any mask, points A and B receive the same amount of material during one revolution. To illustrate this point, Fig. 7 shows the angular deposition rate distribution for these two points. The two curves are identical with an angular shift of 22:62°that corresponds to the angular separation of points A and B. According to its position, the mask will allow or not the deposition on the substrate and, since the [AB] line is parallel to the edge of the mask, points A and B are coated simultaneously. The final amount of material that is deposited on these points is given by the summation of the curves over the angular sectors corresponding to the open positions of the mask. Supposing the mask is only open during the Δθ 1 angular sector represented in Fig. 7 , it clearly appears that the deposited thickness is more important for point B than for point A. To compensate for this thickness imbalance, it is necessary for both the mask movement and the natural thickness distribution to have the same symmetry axis, as represented by the Δθ 2 angular sector. As a consequence, the came shape must be symmetrical and aligned with the symmetry axis of the deposition process.
Let us now consider the central point, C. The angular deposition rate distribution curve corresponding to this point is also given in Fig. 7 and can be compared with the curve corresponding to point A. These curves are not exactly identical since these two points are not located on the same rotation radius and the angular shift between the two curves is half what it was before, 11:31°. However, one can notice that these two curves intersect at about θ ¼ 180°, which tends to balance the thickness amount for these two points when the mask is open symmetrically, as illustrated by the two hatched areas in Fig. 7 . As a result, the deposited thickness is almost the same for points A, B, and C; isothickness lines are almost straight, perpendicular to the thickness gradient.
To illustrate the efficiency of this solution, we performed a calculation for the masking mechanism represented in Fig. 8 . The location of the edge of the mask, which can be regarded as the came shape, is given by the polar development
For θ ¼ 0°, corresponding to a substrate near the material target, the mask radius is 40 mm, which means that the substrate is completely hidden. For θ ¼ AE90°, the mask radius is 60 mm, so that the mask is completely open during half a turn. This way, the internal side of the substrate is always exposed to the deposition process while the external side is hidden half the time, which should result approximately in a factor of 2 thickness ratio between the two sides. Figure 9 gives the resulting uniformity. As expected, isothickness lines are straight. The thickness ratio is a bit higher than 2, and the thickness gradient is not perfectly constant. As previously said, the gradient profile is due to the fact that the came shape was defined very simply, without taking into account the natural thickness nonuniformity of the deposition chamber. More precisely, the minimum and maximum thickness uniformity calculated for the internal, central, and external lines are given in Table 2 . Perpendicular to the thickness gradient, the maximum thickness is obtained for the central point (C), while the minimum thickness is obtained for the extreme two points (A and B). From these results, one can estimate that the transverse uniformity for a 20 mm length is higher than 0.998, even very close to 0.999.
It should be pointed out that this result is mainly due to the masking mechanism itself, and not linked to the definition of the came shape or to the geometry of the deposition process (main sputtering direction and directivity). For a given deposition chamber, this means that the main work will consist in defining the came shape that gives the expected thickness gradient, a high transverse uniformity being naturally guaranteed by the mechanism.
At last, considering a 2D array detector with about 500 lines of pixels, a transverse uniformity equal to 0.998 roughly corresponds to a one-pixel misregistration and can be considered as a required specification. From this point of view, the performance provided by this masking mechanism is fairly good.
Manufacturing and Measurements
To prove experimentally the ability of such a mechanism to produce linear variable filters with a high transverse uniformity, a test has been performed using a dual ion beam sputtering machine with a geometry corresponding to that presented in Section 2. This trial was performed before the characterization of the natural thickness distribution was achieved so that the came profile could not be designed accurately for a given thickness gradient. For this trial, the came shape was thus only designed to give a thickness ratio equal to 2 along a 20 mm length, assuming a uniform distribution.
A linear variable filter formed with a single cavity
) was deposited on a 20 mm square substrate. A mapping of the transmittance profile of the filter was performed on a spectrophotometer specially developed in the laboratory for localized measurements [11] . This characterization was performed on a 14 mm × 14 mm square with a 2 mm step square grid and a 200 μm light spot diameter. To prevent a misalignment between the orientation of the thickness gradient of the coating and the translation axis used for the mapping, a corrective interpolation of the measured points was applied to estimate the optimum transverse uniformity. The measured centering wavelengths of the filter are given in Table 3 . The spectral range extends from 800 to 1400 nm along 1400 mm, which corresponds to a thickness gradient that is typical of the linear variable filters we are interested in. More interesting is the transverse uniformity, given in Table 4 , which is as expected most often higher than 0.998, in good agreement with simulations. It should also be noted that, surprisingly, the measured thickness distribution is slightly misaligned with the substrate axis. One possible reason for this may be a slight misalignment of the main sputtering direction with the substrate-holder rotation axis, as observed through the Ta 2 O 5 thickness distribution characterization.
Conclusion
We have investigated the manufacturing of linear variable filters for 2D array detectors. The masking mechanism we propose, combining the translation of a metallic mask with the rotation of the substrate holder, allows answering major difficulties: obtaining a transverse uniformity higher than 0.998 and being able to produce several coatings within a single deposition run. These capabilities have been demonstrated theoretically and experimentally with good agreement. This result is mainly a characteristic of the masking mechanism, for a transverse length of 20 mm, and does not significantly depend on the deposition process geometry or the came shape.
The next step now is to adjust the came shape to obtain the right thickness gradient. For this purpose, we need to complete the characterization of the thickness distribution for the two materials involved in coatings.
Considering technical aspects, one advantage of this solution is that there is no need to introduce any motor inside the deposition chamber since the mask's motion is a consequence of the rotation of the substrate holder. On the other hand, the design of the came shape, its manufacturing, and its positioning inside the chamber are not so easy due to its large diameter, while all these points are directly linked to the thickness gradient of the variable filter. In other words, it might be time consuming to accurately achieve a prescribed thickness gradient, while a masking mechanism driven by a stepper motor is much more flexible. Moreover, in the case of linear variable filters formed with metal-dielectric bandpass structures, which are of great interest due to their extended rejection bands, the required thickness gradient is not the same for dielectric films and for metallic ones. Such a constraint would surely make our solution much more complex mechanically.
As a conclusion, compared to the solutions presented in Section 4, the masking solution we propose gives as efficient results regarding the component's optical properties, but is less flexible to implement. As a consequence, this solution is particularly interesting for its mass-production capabilities, for which the time required to optimize the system is worthwhile, while other solutions are mainly limited to unit production. 
